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LIMITING-  PAVI.OAIi  DECELERATION  DURING  GROUND  IMPACT 


Alan  Mironer*  and  Robert  Urquhart** 

Analytical  Systems  Engineering  Corporation,  Burlington,  MA 

and 

Roy  Walters*** 

Air  Force  Geophysics  Laboratory*  Hansrom  AFB,  MA 


This  paper  considers  the  problem  of  limiting 
the  deceleration  of  balloon  and  sounding- rocket 
instrument  payloads  during  ground  impact  by  adding 
energy-dissipating,  deformable  structures.  The 
basic  physics  of  the  two-step  decelerat ion/energv- 
dissipation  process  is  analyzed  and  simple  force 
and  energy-balance  relationships  are  developed. 

The  pertinent  equations  are  organized  in  a  form 
that  is  conducive  for  computer  computation.  Two 
example  problems,  one  of  a  sounding-rocket  payload 
and  the  other  of  a  balloon  payload  are  calculated 
and  the  results  presented  in  the  form  of  a 
performance  map. 

Nome nc la t  ur e 

A  crushpad  cross-sectional  area 

cp 

A  pavload  cross-set t iona l  area 

P« 

a  maximum  pavload  deceleration 

max  '  • 

F  dimensionless  crush  force,  defined  in 

equation  (12) 

!cr  honeycomb  crush  strength 

F  dimensionless  ground  force,  defined  in 

equation  (IT) 

g  acceleration  due  to  gravity 

K  subgrade  modulus  of  ground 

sg 

L  dimensionless  depth  of  ground  depression 

under  pavload 

*  dimensionless  depth  of  ground  depression 
under  crushpads 

f  undeformed  length  of  crushpads 

cp 

m  payload  mass 

V  pavload  velocity  at  ground  level 

y  dimensionless  kinetic  energy,  defined 

in  equation  (17) 

v  deformation  of  crushpad 

cp 

(5^  depth  of  ground  depression  under  crushpad 

2 p j  depth  of  ground  depression  under  pavload 

1  dimensionless  deformation  of  crushpad 

Introduct ion 

The  increase  in  cost  and  sophistication  of 
balloon  and  sounding-rocket  instrument  payloads 
makes  it  imperative  that  thev  be  recovered 
undamaged.  The  payload  descends  to  the  earth  bv 
parachute,  but  limitations  in  parachute  size 
result  in  the  pavload  impacting  the  ground  with  a 
substantial  velocity.  This  paper  considers  the  use 
of  energy-absorbing,  deformable  structures  attached 
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to  the  base  of  the  payload  which  limit  the  maximum 
deceleration  during  ground  Impact  to  a  prescribed 
level. 

Mechanical  Behavior  of  the  ( ground 

The  mechanical  behavior  of  the  ground  during 
compression  is  assumed  to  be  that  of  a  linear- 
elastic  or  Hooke  material  and  can  be  characterized 
by  a  coefficient  called  the  subgrade  modulus,  K.  , 
which  has  units,  lbf  per  square  inch  per  inch. 

The  ground  develops  a  resisting  force  to  a  body 
of  cross-sectional  area.  A,  which  is  linearly  pro¬ 
portional  to  the  depression  of  the  ground  caused 
bv  the  bodv ,  A  , 
g 

F  *  K  A  Is-  (1) 

£ 

The  equation  of  motion  of  the  bodv  of  mass  m 
during  impact  neglecting  gravitv,  is 

d*Af 

F  -  -K  AiS  =  m  — r-k 

SR  R  ar 

where  the  negative  sign  shows  that  the  force  resists 
the  motion.  Solution  of  the  differential  equation 
results  in  a  q ua r  ter-j» ine-wave  dece  1  erat  ion  pulse 
of  duration  r/2v4n/K  A  and  maximum  deceleration 

_ _  SR 

V  /K  A/m  where  V  is  the  impact  velocity  at  t  =  0. 

oo/  «•  * 

•> 

The  kinetic  energy  of  the  pavload,  1/2  mV", 
is  dissipated  by  doing  work  in  deforming  the  ground. 
The  energy  absorbed  by  the  ground,  AH,  is 


AK  - j  p  Fdv  -  4  K  ~ 

Jo  2  sp  p 


Effect  of  Payload  Impact  Area  on  Jk»  c_e_l  oral  ion 

Consider  two  payloads  having  the  same  mass 
and  impact  velocity  but  different-size  impact  areas. 
What  is  the  effect  of  impact  area  on  the  maximum 
deceleration  if  both  payloads  impact  ground  having 
the  same  subgrade  modulus?  From  equation  (1), 


The  ground  must  dissipate  the  same  kinetic  energy 
for  both  payloads,  neglecting  the  small  gravita¬ 
tional  potential  energy  change  undergone  bv  the 
payload  in  depressing  the  ground.  Then,  from 
equation  (2) 
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Eliminating  the  ratio  of  depressions  between  equa¬ 
tions  ( J)  and  (4)  gives. 


Equation  (5)  shows  the  important  result  that 
during  impaet  the  smaller  impact -area  body  exper¬ 
iences  a  smaller  maximum  deceleration.  This  result 
will  be  exploited  to  limit  the  deceleration  of  the 
payload  during  impact.  Of  course,  the  smaller  im¬ 
pact  area  body  must  cause  a  deeper  depression  in 
the  ground  in  dissipating  the  same  energy  as  the 
larger  impact -area  body. 

Potential  Energy  Change  of  Payload  During  Impact 


When  the  potential  energy  change  of  the  payload 
is  included  the  energy  balance  becomes 


Fig.  1  Impact  geometry. 


K  A*5'  "  *  mV  ~  +  mg^ 

2  sg  g  2  g 

The  maximum  decelerating  force  is 


K  -  K  At  =  ma 
max  sg  g  max 


Thus , 


K  A  V 

_ - 

•> 

mg" 


Energy-absorbing  Crushpads 


(6) 


The  maximum  deceleration  can  be  limited  by 
adding  energy -absorbing  crushpads.  The  erushpad 
material  is  hexagonal  cell,  mul t icolumnar  honeycomb 
which  dissipates  energy  by  plastic  deformation 
parallel  to  the  cell  axes.  The  energy  absorbing 
property  of  the  honeycomb  is  characterized  by  a 
coefficient  called  the  crush  strength,  fcr»  which 
has  units  of  lhf  per  square  inch.  The  honeycomb 
offers  a  constant  resisting  force  to  compression 
of 


F 


f  A 


cr 


cp 


(7) 


where  A  is  the  cross-sectional  area  of  the  honev- 
cp 

comb  erushpad.  The  honeycomb  erushpad  absorbs 
energy. 


C  is  the  unde  formed  length  of  the  erushpad,  2  r 
cp  *  pC 

is  the  depth  of  ground  depression  caused  by  the  pay- 
load,  6^  is  the  depth  of  ground  depression  under  the 

erushpad,  and  ^  is  the  erushpad  deformation.  The 
c  p 

various  lengths  may  be  nondimensional ized  with  re¬ 
spect  to  2  , 

cp* 


There  are  two  situations  which  must  be  analyzed 
separately: 

1.  The  base  of  the  payload  does  not  impact  the 
ground,  L  =  0.  The  ground  under  the  crush- 
pad  deforms  and  the  crush  pad  may  deform, 
hut  the  combined  deformation  is  less  than 
the  undeformed  length  of  the  erushpad, 

>  +  ?  <  1. 


2.  The  base  of  the  payload  impacts  and  deforms 
the  ground,  l.  s  0.  The  payload  is  assumed 
rigid  during  the  impact.  The  erushpad  may 
deform  and  is  completely  buried.  The 
lengths  are  related  by 

X  *  1  +  I.  -  C  (9) 


We  will  analyze  the  two  situations  in  the  next 
two  sections  and  determine  the  matching  conditions 
between  them. 


E  =  f  A  (5 

cr  cp  cp 


(8) 


1.  Payload  does  not  contact  ground,  L=0, 


when  crushed  a  distance  i5  .  It  is  assumed  that 
cp 

the  erushpad  is  always  long  enough  so  that  is  does 
not  "bottom  out"  and  become  nearly  rigid. 

Maximum  Deceleration  of  Payload 

The  ideas  and  equations  just  developed  may  be 
used  to  predict  the  maximum  deceleration  of  a  pay- 
load  with  honeycomb  crushpads  attached  to  Its  base 
during  impact  with  the  ground.  Consider  Fig.  1  in 
which  the  base  of  the  payload  impacts  the  ground. 


Consider  the  behavior  of  a  erushpad  which  im¬ 
pacts  the  ground.  Initially,  the  ground  deforms 
until  its  compressive  stress  reaches  the  erushpad 
strength,  f^.  Then  the  ground  does  not  deform  any 
farther,  and  the  erushpad  begins  to  deform  with  a 
constant  decelerating  force.  Physically,  the  ground 
and  erushpad  are  in  series. 

Let  us  develop  the  appropriate  equations  des¬ 
cribing  this  two-phase  energy-dissipation  process. 
The  ground  deforms  a  distance  t  and  develops  a 
maximum  resisting  force,  F  .  which  is  limited  bv 
the  erushpad  strength. 


2 


F  =  K  A  6 
max  sg  cp  g 


f  A 
cr  cp 


The  crushpad  limits  the  deceleration  to 


f  A 
cr  ci 


K  A  l 

=  -gg. .  ssl  _ep  e 

mg 


It  is  convenient  to  introduce  two  dimensionless 
forces: 

Dimensionless  crush  force. 


A  ' 
zr  cp 

mg 


Dimensionless  ground  force. 


Equation  (11)  becomes 


(¥1- 


F  »  F  i 
cr  sg 


The  depth  of  penetration  into  the  ground  is 


Equation  (18)  mav  be  used  to  determine  the 

value  of  K  below  which  a  given  crush-strength 
sg 

crushpad  does  not  deform,  limiting  case  i .  The 
crushpad  acts  as  a  rigid  protuberance,  and  the  only 
energy  dissipation  is  caused  by  the  deformation  of 
the  ground  under  it.  Introducing  equation  (15)  in 
equation  (18)  and  setting  >  .  =  0  gives 


1/2  F  -l\  f 
cr  1  cr 


In  limiting  case  ii,  the  subgrade  modulus  has 
a  very  large  value  but  is  not  infinite,  and  the 
deformation  of  the  ground  is  very  small  but  not 
zero;  equation  (14)  must  still  be  satisfied.  The 
crushpad  deformation  is  obtained  from  equation  (18) 
by  introducing  equation  (15)  and  letting  £  -*•  0, 


Case  ii  results  in  the  maximum  possible  crushpad 
deformat  ion. 

2.  Payload  contacts  the  ground,  L>0,  A  =  1  +  L  -  i 
The  maximum  decelerating  force  for  this  situation  is 


or  i  = 


F  =  f  A  +K  (A.-A)6„=ma 
max  cr  cp  sg  p£  cp  pE  max 


The  energy  absorbed  by  the  ground  is 

1/2  K  A  '  The  crushpad  deforms  a  length  5 

sg  cp  g  cp 

and  absorbs  energy,  f  A  6  The  sum  of  these 
cr  cp  cp 

two  energies  is  equal  to  the  payload  kinetic  energy, 
1/2  m  V2,  and  potential  energy  change,  mg|<5^  +  ^Cp)' 

The  energy  balance  is 

1/2  K  A  6  2  +  f  A  6  =1/2  mV  2  +  mg|6  +  6  |(16) 

sg  cp  g  cr  cp  cp  “  l  g  cp) 


(t2) 


F  +  F  -K 
cr  sg  I  A 


The  force  acting  on  the  crushpads  is 

f  A  =  K  A  6 
cr  cp  sg  cp  g 


A  dimensionless  kinetic  energy  T,  may  be  defined 


/v2 

oo 

=  Ip- 

CP( 


The  energy  balance,  equation  (16),  becomes  in 
dimensionless  form, 


1/2  F  9  +  F  X  =  T  +  t  +  X  (18) 

sg  cr 

There  are  two  limiting  cases: 

i.  The  crush  strength  of  the  honeycomb  is  so 
high  that  the  ground  does  not  develop  a 
sufficient  force  to  deform  it,  X  =  0;  all 
the  energy  is  removed  by  deformation  of 
the  ground. 


F  =  F  £ 
cr  sg 


The  energy  balance  is 


1/2  K  A  6  +  1/2  K  (A  .-A  )6  „+f  A  S 

sg  cp  g  sg  p£  cp  pE  cr  cp  cp 


l/2mVco2  +  mg(£cp  +  6pe) 


Equation  (23)  becomes  in  dimensionless  form 


i  e2+[(ji\-i]b2, 

\cp  / 


+  F  X  =  T  +  L  +  1  (24) 
cr 


There  are  also  two  limiting  cases  for  this  situation 
i.  The  payload  just  contacts  the  ground,  L=0. 


ii.  The  ground  has  such  a  high  subgrade  modu¬ 
lus  that  it  deforms  only  infinitesimally 
before  the  crush  strength  of  the  honey¬ 
comb  is  reached,  £  -*■  0;  all  the  energy 
is  removed  by  deformation  of  the  honey¬ 
comb  . 


ii.  The  crushpads  do  not  deform,  X  =  0.  The 
crushpads  act  as  rigid  protuberances. 

Equation  (24)  may  be  used  to  determine  the  value 

of  K  above  which  the  payload  does  not  contact  the 
sg 

ground,  limiting  case  i.  This  is  the  value  of  K 


at  which  situation  1  and  situation  2  must  match. 
Setting  1=0  in  equation  (24)  and  calling  this  value 

of  K  ,  K 

sg  sg 


sg  2 (F  -  7-1)  t 

L  cr  J  cp 

The  denominator  of  equation  (25)  must  be  posi¬ 
tive.  Setting  the  denominator  equal  to  zero  and 

solving  for  f  results  in  the  value  of  crush 
cr 

strength,  below  which  the  payload  contacts  the 
ground,  regardless  of  the  value  />f  K  .  For  crush 
strengths  greater  than  this  value,  the  payload  may 
or  may  not  contact  the  ground,  depending  on  the 
value  of  K  .  Call  this  value  of  crush  strength 


f  -  (T  +  1)  t® 

cr  A 


Limiting  case  ii  is  obtained  by  setting  X  ■  0 
( i  =  L  +  1)  in  equation  (24), 


1/2  F  1  +  2L  + 
sg 


H  l2"  ■ 

cp/ 


T  +  L  +  1  (27) 


and  solving  for  L.  The  maximum  deceleration  is  ob¬ 
tained  bv  substituting  equation  (22)  into  equation 
(21) 


/Antl 

1+1  -E-J  L 

\CPj 


Setting  L  »  0  in  equation  (27)  gives  the  maxi¬ 
mum  K  at  which  the  payload  contacts  the  ground, 

K*  . 
sg 


K*  =  2  It  +  1 
sg  l 


A  4 
cp  cp 


This  is  the  value  of  K  at  which  limiting  case  i 
sg 

of  situation  1  must  match  limiting  case  ii  of  situa¬ 
tion  2. 

*  * 

The  crush  strength  corresponding  to  Ksg*  f cr » 

is  the  crush  strength  above  which  the  crushpads 
act  as  rigid  protuberances  when  the  payload  is  in 
contact  with  the  ground.  f*r  is  calculated  by  set¬ 
ting  A=0  and  L-0,  giving  £* I.  Then, 

f*  =  l  K*  *  2f  (30) 

cr  cp  sg  cr 

Example  1,  Sounding-rocket  payload 


deceleration  af  the  payload  during  impact  with  the 
ground,  as  a  function  of  the  subgrade 

modulus,  K  ,  for  various  crush-strength  (f  ) 

cr 

crushpads.  The  results  are  presented  in  Fig.  2  in 
in  the  form  of  a  crushpad  performance  map. 

First,  let  us  consider  some  limiting  cases  and 
envelopes.  Equation  (6)  can  be  used  to  calculate 
the  maximum  deceleration  of  the  payload  without 


crushpads  by  setting  A 


See  Fig.  2. 


The  limiting  case  of  rigid  crushpads  ( 
calculated  in  two  parts  which  must  match  at 

value  of  K  given  bv  equation  (29).  Subst 
sg 

numerical  values  into  equation  (29)  gives 

K*  -  49.8  psi/in.  For  values  of  K  less 
sg  sg 

this  value  (L  >  0)  equation  (27)  is  solved 

and  used  in  equation  (28)  to  find  the  corre 

(a  /g).  For  values  of  K  greater  than  K 
max  sg 

equation  (18)  is  solved  for  £  which  is  subs 
into  equation  (14)  to  find  the  maximum  dece 
A  rigid  crushpad  lowers  the  maximum  deceler. 
compared  with  that  of  no  crushpad  because  o 
area  effect  discussed  previously. 


The  envelope  of  (a  /g)  vs  K  for  the  pav- 
'  max  "  sg 

load  just  contacting  the  ground  (L=0)  when  crush- 
pad  deformation  is  present  (X  >  0)  is  obtained  by 
substituting  equation  (15)  and  *  =  1  -  ?  into 
equation  (18)  resulting  in 


X  =  0)  is 
the 

itut ing 


for  L 

spending 

*(i.-°) 

sg 

tituted 
lerat Ion . 


(24  -  4  ) 


Equation  (31)  is  solved  for  4  for  values  of  K. 


greater  than  K 


The  corresponding  maximum  de¬ 


celeration  is  obtained  from  equation  (14).  Tills 
envelope  is  shown  in  Fig.  2. 

Now,  let  us  calculate  the  maximum  deceleration 
of  various  crush-strength  crushpads  as  a  function 
of  subgrade  modulus.  We  must  firgt  determine  the 
value  of  the  subgrade  modulus,  K  ,  for  the  specific 

crush  strength  of  the  crushpad  below  which  the 
crushpad  acts  as  a  rigid  protuberance,  *  =  0.  There 
are  two  possibilities:  The  payload  is  not  in  con¬ 
tact  with  the  ground  (case  i  of  situation  1)  or  the 
payload  contacts  the  ground  (case  ii  of  situation  2). 
If  f  >  f  the  pavload  does  not  contact  the  ground 
cr  cr  ** 

(L  =  0)  and  it  is  situation  1.  K  is  given  by 

*  sg 

equation  (19).  If  f^  <  f^  the  payload  contacts 

the  ground  (L  >  0)  and  it^is  situation  2.  To  cal¬ 
culate  the  appropriate  for  situation  2,  use 

equation  (22)  in  the  form 

F  -  F  (1  +  L)  (32) 

cr  sg 


Consider  a  sounding  rocket  payload  38  inches  in 

diameter  (A  «*1134  in2)  which  has  a  mass,  m=1325  lb. 

px. 

The  parachute  delivers  the  payload  to  the  ground  at 
26  ft/s.  The  size  of  the  crushpad  structure  is 
limited,  because  of  instrumentation  in  the  base  of 
the  payload  and  the  length  of  the  transition  section 
between  the  payload  and  booster,  to  a  total  surface 

area  of  A  “80  in2  and  length  4  *  9. 3  inches 

cp  cp 

beyond  the  base.  We  wish  to  determine  the  maximum 


to  eliminate  F  in  equation  (27)  giving 
sg 


F  1/2  +  L  +  1/2 
cr 


fA  L2 

cp  /  _ 


=  T  (1+L)  +  (1+L)‘ 


Solve  equation  (33)  for  L  and  substitute  it  back 
into  equation  (32)  to  find  K**. 


As  an  example  consider  crushpads  made  of 
f  *  750  psi  crush-strength  honeycomb.  From  equa¬ 
tion  (30)  f  *  472.8  psi.  Since  f  >  f  it  is 
cr  cr  cr 

situation  1.  Equation  (19)  gives  K*  *  128.7  psi/in. 


As  another  example  suppose  the  crushpads  are 
constructed  of  300  psi  crush-strength  honeycomb. 

f  <  f  and  it  is  situation  2.  Substituting  nu- 
c  r  cr 

merical  values  into  equation  (33)  and  using  the 
quadratic  formula  gives  L  *  0. 192 . £ubst itut ing  this 

value  of  L  into  equation  (32)  gives  K  *26.5  psi/in. 

sg 


Now  let  us  calculate  the  value  of  K  at  which 

sg 

the  300  psi  crushpads  result  in  the  payload  just 
contacting  the  ground.  Substituting  numerical 

values  into  equation  (25)  gives  K  =  74.5  psi/in. 

sg 


At  values  of  K  greater  than  K  ,  the  payload  does 
sg  *  sg 

not  contact  the  ground  and  we  have  situation  1. 


These  calculations  can  be  summarized  by  the 
following  procedure. 


1. 


Limiting  case  of  rigid  crushpads. 
Calculate  K*  using  equation  (29). 


sg 


sg 


Sg 

<  K  :  Solve  equation  (27)  for  L  and 
stitute  into  equation  (28)  to 
the  corresponding  (amax/g)* 

Solve  equation  (18)  for  9.  and 
stitute  into  equation  (14)  to 
the  corresponding  ^amax/,S)* 


sg 


sg 


sub¬ 

find 


sub¬ 

find 


2.  Limiting  values  of  subgrade  modulus  for  specific 
crush-strength  honeycomb. 

Calculate  f  * using  equation  (30). 

*  cr 

f  <  f  :  Solve  equation  (33)  for  L  and  sub- 
cr  cr  stitute  ij  into  equation  (32)  to 

obtain  Kg^.  Use  equation  (25)  to 

calculate  K 

k  Sg  kit 

f  >  f  :  Use  equation  (39)  to  calculate  K 
cr  cr  sg 


3.  Variation  of  (a  /g)  with  K  for  specific 
max  sg  _ 


crush-strength  honeycomb^ 

.  r\  ^  \r  s 


f  <  f" 
cr  cr 


0  <  K  <  K  . 

**  s&  ft 
K  <  K  <  K  . 
sg  sg  sg 


K  >  K  . 
sg  sg 


** 

0  <  K  <  K 

SS**  s8 
K  >  K 
sg  sg 


Crushpads  are  rigid. 

Use  equation  (24) 
to  calculate  L  and 
substitute  into 
equation  (21)  to 
find  coi responding 

(a  /g). 
max 

Use  equation  (14) 
to  calculate  crush- 

pad-limited  (a  /g) . 

max  w 

Crushpads  are  rigid. 

Use  equation  (14) 

to  calculate  crush- 

pad-1  imited  (a  /g). 

max 


crushpads  have  so  little  energy-absorbing  capacity 
that  they  are  fully  deformed  over  most  of  the  range 
of  subgrade  modulus  shown  in  Fig.  2. 


Next*  consider  the  curves  of  constant  crush 

strength  in  the  range  f  <  f  <  f*  *  472.8  psi. 

&  cr  cr  cr  r 

kk 

At  the  lower  values  of  K  ,  K  <  K  ,  the  crush- 
sg  sg  sg 

pads  act  as  rigid  protuberances  and  their  decelera¬ 
tion  performance  is  given  by  the  curve  labeled  rigid 
crushpad.  At  the  intermediate  values  of  K  , 

**  '  s& 

K  <  K  <  K  ,  the  crushpads  increasingly  deform 
sg  sg  sg* 

with  increasing  subgrade  modulus.  Finally,  for 

values  of  K  >  K  ,  the  payload  does  not  contact 
sg  sg 

the  ground  and  all  the  energy  is  dissipated  by  de¬ 
formation  of  the  crushpads.  The  crushpads  limit 
the  deceleration  to  a  constant  value  regardless  of 
the  specific  value  of  K 


Finally,  consider  the  curves  of  constant  crush 

strength,  f  >  f*  .  For  values  of  K  <  K**,  the 
cr  cr  sg  sg 

crushpads  act  as  rigid  protuberances,  and  their  de¬ 
celeration  performance  is  given  by  the  curve  labeled 

rigid  crushpad.  For  K  <  K*  ,  the  pavload  contacts 
sg  sg’ 

the  ground,  and  for  K  >  K*  ,  the  payload  does  not 
s2  s&  ** 

impact  the  ground.  For  values  of  K  >  K  the 

sg  sg 

crushpads  limit  the  deceleration  to  a  constant  value. 


The  sounding  rocket  is  launched  at  the  White 
Sands  Missile  Range  in  New  Mexico.  Soil  surveys  of 
the  anticipated  impact  area  indicate  a  coarse¬ 
grained,  sandy  silt^D  which  has  a  subgrade-modulus 
range  of  100  to  400  psi/in. (2)  Fig.  2  shows  that  the 
payload  deceleration  during  ground  impact  can  be 
limited  to  less  than  20g*s  by  using  300  psi  crush- 
strength  honeycomb. 


Example  2,  Balloon  pavload 

Balloon  payloads  do  not  have  the  severe  size 
limitations  on  the  crushpad  structure  that  sounding- 
rocket  payloads  do.  Consequently,  the  maximum  de¬ 
celeration  of  the  balloon  payload  during  ground 
impact  can  be  limited  to  a  much  lower  value  than 
that  for  a  sounding  rocket. 


Consider  a  balloon  payload  which  has  a  cross- 
sectional  area  of  3,000  in^  and  which  has  a  mass  of 
1,250  lb.  The  crushpad  area  is  500  in^  and  12  inches 
long.  The  parachute  delivers  the  payload  to  the 
ground  at  20  ft/s. 

Fig.  3  shows  a  crushpad  performance  map  for 
the  balloon  payload.  The  calculation  procedure  is 
identical  to  that  for  the  sounding-rocket  payload 
described  in  example  1.  It  is  seen  that  the  per¬ 
formance  map  for  the  balloon  compared  with  that  of 
the  sounding-rocket  is  shifted  to  more  than  an 
order-of-roagnitude  lower  subgrade  modulus.  Impact 

deceleration  in  anv  but  the  softest  of  soils  (K  < 

sg 

10  psi/in)  can  be  limited  to  less  than  lOg's  by 
using  20  psi  crush-strength  crushpads. 


Consider  the  curves  of  constant  crush  strength 
less  than  f *  236.4  psi.  The  base  of  the  payload 

contacts  the  ground  for  all  values  of  subgrade  modu¬ 
lus.  As  the  subgrade  modulus  increases,  the  crush- 
pads  deform  more  and  dissipate  a  larger  proportion 
of  the  total  energy.  The  100  psi  crush-strength 
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